Introduction
Declining water quality in coastal areas is a well-documented problem in many parts of the world and is a major challenge facing scientists, environmental managers and policy makers (de Jonge et al. 2002) . Approximately 70% of the world's population and 85% of the Australian population is concentrated within 50 km of the coast (Paerl et al. 2003 . Many areas of the Australian coastline have been extensively modified and in some cases heavily degraded over a relatively short period of time since European settlement began over 200 years ago. In many cases extensive development of coastal catchments has led to acidification, eutrophication, salinisation, reduction and degradation of important seagrass, mangrove and saltmarsh habitats, disruption of migratory bird populations and declining fish populations (SoE 2006; Figure 1 ).
Worldwide, the conservation and management of coastal aquatic environments, including estuaries, has lagged behind terrestrial environments. However, there is increasing concern about the state of estuaries and increased efforts among scientists, managers and policy makers to address these issues. As a result, present-day management efforts are often focused on developing strategies to reverse or contain these environmental impacts.
However, a lack of long term data on pre-impact conditions or an understanding of the ranges of natural variability, make it difficult to define management goals and assess if management strategies have been successful. 
The need for establishing realistic benchmarks for estuarine management
There is widespread agreement that the development, implementation and success of estuarine management strategies depend upon establishing realistic benchmarks and targets for management, and effective communication and collaboration between scientists, environmental managers, policy makers and end-users (Bennion and Battarbee 2007; Smol 2008; . Appropriate management strategies, particularly where restoration or rehabilitation is a focus, need to be developed by balancing environmental, social and economic factors. However, this is not always achieved and instead assumptions about what is required for managing estuaries are often made based on conflicting environmental, social and economic considerations (e.g., conservation vs. resource values) without site-specific understanding or proper scientific evidence for the implications of different management strategies (Willis and Birks 2006) .
In most cases little or nothing is known about the 'benchmark' state of an estuary.
Public and institutional memory does not often have the temporal perspective needed to identify realistic benchmarks and the potential for ecosystem recovery (Köster et al. 2007; Tibby et al. 2007 ). Most estuaries have not been monitored for longer than the last few decades and long term data rarely exist, particularly in Australia. In the absence of long term data, palaeoecological approaches (i.e., the interpretation of past conditions and processes in ecosystems) are the only way to determine what past environmental conditions were, and importantly, the rate, direction and magnitude of change and the range of natural variability that occurs (Smol 2008) . Here, we outline the value of palaeoecological approaches for Australian estuarine management and highlight the need for site-specific studies to develop management strategies. We also highlight some of the obstacles currently facing Australian estuarine management, which are applicable to estuarine management throughout the world. Further work to understand Australian estuarine ecosystem processes, stressors and causes of change is needed, not only to ensure successful management of Australia's estuaries, but to contribute to a greater global understanding of estuarine ecosystem processes and responses to stress over time (both natural and anthropogenic).
Palaeoecological techniques and their value to estuarine management
Water quality monitoring data tend to be collected sporadically, do not usually provide the temporal perspective needed to determine benchmark conditions or ranges of natural variability, are often 'noisy' and provide a 'snapshot' of conditions at the time of sampling. This can obscure trends and make detecting change and causes of change difficult (Smol 2008) . In contrast, palaeoecological indicators provide an integrated reflection of conditions over time and a palaeoecological approach can provide the temporal perspective needed for setting realistic benchmarks for management.
Palaeoecological techniques have been widely used in lake environments to investigate environmental problems, answer management questions and confirm or negate assumptions by providing qualitative and quantitative data to determine the causes and impacts of lake acidification (e.g., Battarbee et al. 2005) , eutrophication (e.g., Bennion et al. 2004) , salinisation (e.g., Gell et al. 2005) and detecting climate change (e.g., Smol and Douglas 2007a) . Palaeoecological techniques have been less widely used in estuaries due to their complex and dynamic nature. However, palaeoecological studies are becoming more frequent (e.g., Byrne et al. 2001; Clarke et al. 2003; Ellegaard et al. 2006; Garcia-Rodriguez 2006; Haynes et al. 2007; Plater et al. 2000; Ryves et al. 2004; Saunders et al. 2007 Saunders et al. , 2008 Taffs et al. 2008; Weckström 2006; Zong et al. 2006) . Some of these studies have provided direct management information by addressing long term human impacts such as nutrient enrichment (e.g., Ellegaard et al. 2006) , the impacts of land use change (e.g., Taffs 2008) and changes in salinity (e.g., Garcia-Rodriguez 2006; Ryves et al. 2004) . Table 1 outlines the common indicators used in estuarine palaeoecological studies.
Importantly, palaeoecological techniques can be adapted to a range of scales, both spatial and temporal. They can range temporally from decades (e.g., Saunders et al. 2007) , to hundreds (e.g., Weckström 2006 ) and thousands of years (e.g., Smol and Douglas 2007b) , and can be conducted at local (e.g., Taffs et al. 2008) or global scales (e.g., Hodgson et al. 2007) . Palaeoecological studies can provide site-specific evidence of change and can be tailored to address different management questions and in a practical sense, be tailored to meet different resource and expertise availablity (e.g., Bennion et al. 2004 ). While palaeoecological techniques are a potentially valuable and powerful management tool, they are not without limitations. Natural archives are subject to 'filtering' of past environmental information through physical and biological processes (Swetnam et al. 1999) . Interpretation of palaeoecological data relies on the assumption that the relationships between physical and biological processes are the same as in the past (Birks 1998) . Strategic site selection is critical for success as sediment record integrity may be disturbed by bioturbation and establishing a good chronology can be difficult (e.g., Crusius et al. 2004) . Poor preservation of microfossils (e.g., Ryves et al. 2001 ) and the need to identify sediment origin such as the amount of allochthonous vs.
autochthonous material (e.g., Vos and de Wolf 1993) all place limitations upon the use of palaeoecological data. These are of particular concern for estuarine palaeoecological studies due to the dynamic nature of estuaries. However, sites of constant sedimentation and minimal mixing can still be found (Cooper et al. 2004 ) and the collection of multiple cores and use of multiple indicators (e.g., Chmura et al. 2004; Köster et al. 2007 ) can reduce the occurrence of these problems or at least provide information to address them if they do occur. Advances in techniques, particularly chronological and statistical methods, allow more complex systems such as estuaries to be studied and previously qualitative uncertainty to be quantified (Bennion and Battarbee 2007) . Comprehensive reviews on the potential limitations of palaeoecological studies and how to address them can be found in Bennion and Battarbee (2007) ; Smol (2001a, 2001b) ; Leng (2006); Smol (2008) ; Smol et al. (2001a Smol et al. ( , 2001b .
The application of palaeoecological techniques in a management context has traditionally been criticised as they are often considered to be too qualitative, imprecise, expensive, require too much expertise and be of little relevance to the actual processes of conservation and management (Willis and Birks 2006 
The Australian situation
Australian estuaries differ from the often more well-studied estuaries in North America and Europe. This is largely due to Australia's highly diverse and variable climate, the evolution of estuarine ecosystems, stressors upon them and history of human impacts (Connell and Gillanders 2007) . This means that while there is a tendency to apply
Northern Hemisphere derived understanding of estuarine ecosystem processes to Australian estuarine management efforts, this can lead to inappropriate management strategies, both in terms of monitoring current conditions and developing strategies for conservation, restoration and 'sustainable wise use' (Roy et al. 2001; Scanes et al. 2007) .
Consequently, there is a real need to undertake Australian studies to understand Australian estuarine ecosystem processes, stressors and causes of change in order to develop realistic and appropriate management strategies and targets.
The two case studies below demonstrate the need for site-specific palaeoecological studies in Australia. Both of these studies have provided valuable information for managers and have helped answer key questions about the development and extent of environmental problems, which has aided establishing benchmarks for each site.
1 Tuckean Swamp, eastern Australia
Tuckean Swamp, located in sub-tropical eastern Australia (28°58'S, 153°24'E) has undergone dramatic ecological changes in the last 40 years (Taffs et al. 2008 ; Figure 2 ).
It was originally a tidally influenced backwater of the Richmond River and provided a nursery ground for many biota and significant natural resources for the indigenous human population. From the 1840s, the area was used for grazing and fire was regularly used within the swamp to create new feed for stock. Between 1912 and 1915 the swamp was extensively drained to prevent water-logging and increase the area available for sugar cane crops. In 1971, a barrage was created at the neck of the swamp to prevent tidal intrusion. However, due to the marine evolution of the landscape and drainage activities, acid sulphate soils developed. In the past 35 years the swamp and surrounds have experienced severe soil scalding and extensive fish mortality as a result of acid runoff. In 2002, the barrage was reopened to allow tidal intrusion in an attempt to neutralise the soil and water pH.
Whilst the history of human activities at this site is well-documented, the changes in environmental conditions and ecological implications are not. However, this knowledge is needed to direct remediation strategies and goals. Using a palaeoecological approach, the diatom record demonstrated that acidic conditions were not a natural feature of the swamp (Figure 3 ). This knowledge of baseline, natural conditions has enabled managers to set remediation goals and has also been used to gain greater community support for restoration efforts (Taffs et al. 2008) . In this study, site selection was critical to ensure a high enough sedimentation rate, and thus a sediment core that represented the history of European catchment influences. 
Lake King, Gippsland Lakes, southeast Australian
Lake King is one of three interconnected lakes known as the Gippsland Lakes (37º 50'S, 148º 00'E) in the southeast corner of Australia (Figure 2) . It is the largest estuarine lagoon system in Australia and was originally a large fresh-brackish lake system with an entrance only open to the sea during periods of high river flows (Bird 1965 ).
The Gippsland Lakes are listed under the Ramsar Convention as wetlands of international importance, but face a number of environmental problems. They have been extensively modified since European settlement and improving water quality has become an important environmental, social and political issue. An artificial channel between Lake
King and the sea was constructed in 1889 to aid shipping in the area. Subsequently, the salinity of the lakes has increased and they regularly experience stratification (Bird 1993 , Winstanley 1995 ). (Chmura et al. 2004) .
Through the use of a multiple indicator approach, this study has provided valuable benchmark data on the pre-permanent entrance state of Lake King.
Both of these case studies provide benchmark conditions in two different
Australian estuaries facing different environmental problems. Through the use of careful site selection (Taffs et al. 2008 ) and multiple indicators (Saunders et al. 2008 ), these studies demonstrate how the potential limitations of palaeoecological studies in estuarine environments can be overcome and how they can be tailored on a site-by-site basis to address different management questions. It should be noted that both of these studies are single core studies and if possible, multiple cores should be collected and analysed (Haynes et al. 2007; Reavie and Baratono 2007; Cooper et al. 2004) . Nevertheless, these studies have contributed valuable management information for these estuaries. For management purposes, if a palaeoecological approach is to be used, selection of sites and indicators must be based on key management questions and goals in order to provide the most applicable results. Figure 4 . A multi-proxy approach based on (a) diatoms and (b) geochemistry and particle size. Analyses of dominant diatoms, geochemistry and particle size in the Lake King sediment core show clear changes during the 20 th century. Diatom-based reconstructed phosphate and salinity provides a quantitative assessment of changes in the absence of water quality monitoring. Grey zone represents the period prior to permanent entrance construction. Modified from Saunders et al. (2008) .
Palaeoecology and policy guidelines
In recent years the value of a palaeoecological approach for setting benchmarks for management has been realised at a policy level. In the USA, palaeoecological analyses are outlined in the United States Environment Protection Agency guidelines as a method to determine reference conditions (USEPA 2006) and have been used to provide management information and increase political and public awareness of estuarine eutrophication (e.g., Kemp et al. 2005; Willard and Cronin 2007) . In Europe, the use of a palaeoecological approach is outlined in the European Union Water Framework Directive as a method to determine benchmark conditions (European Union 2000) and is being applied in a management context (e.g., SEPA SoE 2006).
Currently, Australian National Water Quality Guidelines outline the need for reference or benchmark conditions, but this is based on identifying nearby 'reference sites' (NWQMS 2000) . In many cases, no nearby un-impacted sites exist. Additionally, stressors and causes of change and degradation between estuaries vary widely, which means that information determined from a particular estuary is not always transferable. In this case, a palaeoecological approach is the only way to determine site-specific benchmarks. The incorporation of a palaeoecological approach at a policy level in North America and Europe provides a basis for incorporating palaeoecological approaches into Australian water quality policies.
Current obstacles to successful estuarine management
Setting realistic benchmarks and developing and implementing appropriate estuarine management strategies requires a multidisciplinary approach involving scientists, environmental managers and policy makers. It also requires careful consideration of, and collaboration with, end-users. The absence of a long term, holistic view to addressing estuarine water quality issues has led to strategies aimed at treating symptoms rather than addressing causes and seeking solutions (Boulton and Brock 1999) . Advances in palaeoecological techniques and their increasing application to estuarine environmental problems means a method is now available to provide a long term, holistic view that can determine causes of problems. However, there are several key barriers still facing Australian estuarine management, which are applicable to estuarine management globally and are highlighted below.
Transfer of knowledge and information
The transfer of information and knowledge between scientists, environmental managers and policy makers has always been a problem and will never be straightforward, but is nevertheless essential. In particular, the translation and implementation of scientific research outcomes into environmental management strategies is a key requirement (Elliott et al. 1999) . The transfer of knowledge and information to end-users is also crucial as management strategies will not be successful without community understanding and support (Tyler 1996) .
Language
Language and how we use it plays a critical role in the management of water and land resources as language can determine argument, fact and community understanding and response to an idea (Day 1996) . The language used by scientists, environmental managers and policy makers is specialised to each discipline, which creates barriers to transfering knowledge and information.
Uncertainty
Scientific investigations, by their nature, have a degree of uncertainty and error. It is important for scientists to provide information where possible with quantified uncertainties in order for policy makers to better adapt management strategies. Estuaries are naturally variable ecosystems and understanding the range of natural variability is essential for setting benchmarks. Being able to identify when natural thresholds are exceeded is also necessary for maintaining good ecosystem health and understanding human impacts (Smol and Douglas 2007b; Willis and Birks 2006) .
Spatial and temporal scales
Scientists, environmental managers and policy makers all work at different spatial and temporal scales. Environmental scientists and managers usually work at local scales, investigating small-scale issues, while policy guidelines are driven by current politics and broad issues, and are focused on regional, national or international scales (Tomich et al. 2004 ). The need for environmental scientists to 'scale up' studies to allow policy makers to integrate information from a range of sources has been highlighted (e.g., Stevens et al. 2006 ). However, this inevitably increases the uncertainty implicit in such studies. This means that for scientists there is a need to extract specific questions from broad policydriven issues (Sutherland et al. 2006) .
Communication
Underlying all of these obstacles is the failure of effective communication and collaboration: within each discipline, between disciplines and with end-users. Effective communication between scientists, environmental managers, policy makers and end-users in terms of research capabilities, outputs and outcomes, policy needs and dilemmas, intentions, concerns and community requirements and responsibilities are essential for successful estuarine management (Day 1996) . The links between human activities within the catchment, estuarine water quality and natural variability need to be identified, explained and understood at all levels (Elliot et al. 1999) .
Concluding Remarks
The state and future outlook of estuarine water quality worldwide is dire. However, in recent decades we have made significant advances in our knowledge of ecological processes and estuarine dynamics. We have identified at scientific, management and policy levels, worldwide, the need for understanding past changes and establishing benchmarks that allow the present to be placed into context and the implications of future changes predicted. This is essential to ensure effective conservation, restoration and 'sustainable wise use' of estuaries and their catchments. Advances in palaeoecological techniques, in particular methods for establishing long term high resolution quantitative environmental reconstructions, mean we now have an appropriate method to achieve this. As Australian estuaries are qualitatively different from the well-studied examples from the Northern Hemisphere, this highlights the need for Australian-based estuarine research to understand ecosystem changes and human impacts in order to best advise management strategies and set targets. Increasing the understanding of Australian estuarine ecosystems, dynamics, variability, change and causes of change is an issue of worldwide relevance as ecosystems continue to change in response to natural and anthropogenic causes.
The increasing number of Australian estuarine palaeoecological studies together with the incorporation of palaeoecological techniques into European and North American management and policy frameworks, provide a sound basis for more widespread adoption and integration of palaeoecological techniques into Australian management and policy guidelines. However, we need more effective communication and discussion between scientists, environmental managers, policy makers and end-users to ensure effective adoption and implementation of palaeoecological techniques and their outcomes.
Scientists can aid this process by consulting more with environmental managers, policy makers and end-users, and tailoring studies to a more practical application. A long term strategic approach is needed that allows for greater flexibility in terms of dealing with uncertainty, errors and gaps in knowledge associated with scientific investigations, the time frames needed to establish well understood and realistic benchmarks and the inherent variability of estuarine systems. End-users also need to be engaged throughout the process to ensure their needs are met.
We are optimistic that advances in palaeoecological techniques, the increasing number of applied estuarine palaeoecological studies, recognition of the importance of benchmarks in management and policy frameworks, and increased awareness of the need for site-specific studies and potential value of a palaeoecological approach in estuarine management, will see palaeoecological techniques more widely integrated and applied into Australian estuarine management in the future.
